portant role in the bloom occurrence of PLD species. In addition, Eriksen et al. (2002) demonstrated that Cryptoperidiniopsis sp. grow better under light conditions than in dark conditions, while light had no effect on the growth of P. piscicida. They also showed that Cryptoperidiniopsis sp. retained kleptochloroplasts when they fed on cryptophyceae, Storeatula major Butcher ex Hill (Eriksen et al. 2002) . Trophic modes possibly differ between PLDs.
In the present study, in order to expand the current understanding of the eco-physiology of PLDs, the response of the growth rate of C. brodyi, P. shumwayae, and L. masanensis to temperature, salinity, light conditions and prey species was determined under controlled laboratory conditions.
Materials and Methods
The clones of Cryptoperidiniopsis brodyi CCMP1828, Pfiesteria shumwayae CCMP2807, and Luciella masanensis CCMP1835 used in this study were obtained from the Provasoli-Guillard National Center for the Culture of Marine Phytoplankton (CCMP). The algal food source for the PLD species was the cryptophyte Rhodomonas sp. CCMP768, which was also received from CCMP. The prey was grown in 500 mL glass bottles containing an F/2-Si medium at 20°C under 80 mmol m Ϫ2 s Ϫ1 provided with a 12 h light : 12 h dark cycle (12L : 12D) using cool white fluorescent lamps. PLD species in the exponential growth phase were used for feeding experiments.
The prey test was designed to investigate whether the dinoflagellates C. brodyi, P. shumwayae, and L. masanensis were able to feed on each target prey species, such as Prorocentrum micans Ehrenberg, P. minimum (Pavillard) Schiller, P. triestinum Schiller, P. donghaiense Lu, Alexandrium tamarense (Lebour) Balech, Heterocapsa triquetra (Ehrenberg) Stein, Heterosigma akashiwo, Akashiwo sanguinea (Hirasaka) Hansen et Moestrup, Chattonella ovata Hara et Chihara, C. marina (Subrahmanyan) Hara et Chihara, and C. antiqua (Hada) Ono. The initial density of each prey species offered is shown in Table 1 . Dense cultures of three PLD species, C. brodyi, P. shumwayae and L. masanensis, were grown on Rhodomonas sp. These species were starved for 3 days and then transferred to a 1 L polycarbonate (PC) bottle with autoclaved filtered seawater. A microscope was used to determine the density of each predator. One milliliter of the prey culture was also transferred into each of several 50 mL PC bottles. Duplicate 50 mL PC bottles (mixtures of each predator and target prey) and control bottles (without prey) were set up for each target prey species. The bottles were capped and then incubated at 20°C under 40 mmol m Ϫ2 s Ϫ1 provided with a 12L : 12D cycle using cool white fluorescent lamps. To determine whether each predator was able to feed on each target prey species, the yields of PLD species in the treatment and the control after 4 days of incubation were compared. The growth rate (m) of PLD species was calculated using the following equation: mϭln (N t /N 0 )/t, where N 0 and N t represent the initial and final cell density of the PLD species at the end of the incubation time t (day), respectively. The growth rates of the PLD species were categorized into three levels, i.e., active (Ͼ0.25 d Ϫ1 ), positive (Ͻ0.24, or Ͼ0.01 d Ϫ1 ), and negative effects (no growth). In the case of the level being active or positive, feeding behavior of the PLD species on the prey species was observed with a microscope.
The growth response of C. brodyi, P. shumwayae, and L. masanensis as a function of the prey density was examined using Rhodomonas sp. Six or seven titres of initial prey density were prepared (1. 50, 2.25, 6.00, 12.5, 20.0, 32 ) because we could not achieve the same density. For C. brodyi, treatment with 32.5ϫ10 3 cells mL Ϫ1 of prey density was omitted. The culture experiments were conducted using 50 mL PC bottles and freshly filtered seawater. All treatments were conducted in triplicate runs, and the bottles were incubated for 10 days under 20°C, a salinity of 12, and illumination conditions of 60 mmol m Ϫ2 s Ϫ1 provided with a 12 L : 12D cycle. The control (without prey) treatments were carried out independently; hence, the initial predator density was slightly different from that in the experiment. Growth rates calculated from daily changes in predator densities were plotted against the prey cell densities, and the results were fitted to the Michaelis-Menten equation as in Montagnes & Lessard (1999) with Kaleida Graph v.3.6 (Synergy Software): mϭm max (xϪxЈ)/(K GR ϩ (xϪxЈ)), where m max ϭthe maximum growth rate (day Ϫ1 ); xϭprey density (cells mL Ϫ1 ); xЈϭthe threshold prey density (cells mL Ϫ1 ); and K GR ϭhalf saturation constant. The effect of temperature on growth was also examined. For the experiments, 6 temperature settings (5, 10, 15, 20, 25, and 30°C) for each predator under a fixed salinity of 12 and illumination conditions of 60 mmol m Ϫ2 s Ϫ1 provided with a 12L : 12D cycle were established. The evaluation was carried out at the two initial prey (Rhodomonas sp.) densities of 1.50ϫ10 3 and 2.00ϫ10 4 cells mL Ϫ1 . The experiments were conducted in triplicate by incubating 50 mL PC bottles over a 4 day period. Two-way ANOVA was carried out to determine the effects of temperature and prey density on the growth rate.
We also examined the growth rate under a wide range of salinity regimes (0, 5, 10, 15, 20, 25, and 30) at 20 and 25°C under illumination conditions of 60 mmol m Ϫ2 s
Ϫ1
provided with a 12L : 12D cycle (light condition). In the experiment, continuous dark conditions were also tested to evaluate the effect of light on growth. These experiments were carried out at a prey (Rhodomonas sp.) density of 7.50ϫ10 3 cells mL
, which was almost at a saturated density for the predator, as described below. These experiments were also conducted in triplicate by incubating 50 mL PC bottles over 4 days. Two-way ANOVA was carried out to determine the effect of salinity and light on the growth rate.
In the present study, we did not prepare acclimated cultures for each temperature or salinity condition. Hajdu et al. (2000) demonstrated that cultures of P. minimum adapted to each salinity treatment showed higher growth than those directly inoculated into each experimental treatment. However, the optimum salinity conditions did not change due to the adaptation in the experiment. Therefore, we believe that our results validly indicate their response to each culture condition. At least, we can compare three PLD species in their growth response to varying temperature and salinity conditions.
Results
The feeding behavior of the three PLD species on prey Rhodomonas sp. cells was similar to that of Pfiesteria piscicida, P. shumwayae, and Luciella masanensis (Burkholder & Glasgow 1995 , Jeong et al. 2005a . Several predator cells attacked each target prey item (data not shown). Some predator cells began removing themselves from the vicinity of target prey cells when the size of the prey cell had gradually decreased or the prey did not move. Predator cells use a peduncle to suck out prey protoplasm and organelles. Finally, the prey was consumed to the last remaining cell.
Among the prey offered in this study, Cryptoperidiniopsis brodyi, L. masanensis, and P. shumwayae were able to feed on the cryptophyte Rhodomonas sp., the raphidophyte Heterosigma akashiwo, and the dinoflagellate Akashiwo sanguinea (Table 1) . However, they did not feed on the thecate dinoflagellates Prorocentrum micans, P. minimum, P. triestinum, P. donghaiense, Alexandrium tamarense, or Heterocapsa triquetra. C. brodyi displayed positive growth when it was co-cultured with unarmored raphidophyte species, such as Chattonella ovata, C. marina and C. antiqua (Table 1) . In the experiment, we checked that the prey had not been depleted during the 4 days of incubation; hence, the negative growth of the PLD species was not due to the shortage in prey abundance.
Growth rates of the three PLD species rapidly increased with increasing prey cell densities until ca 5.00ϫ10 3 cells mL Ϫ1 (Fig. 1) . The increase in growth rate gradually decreased at higher prey densities for all three species. Maximum growth rates were 0.49 day Ϫ1 for C. brodyi, 0.64 day Ϫ1 for L. masanensis, and 0.52 day Ϫ1 for P. shumwayae. Threshold cell densities (growth rate becomes 0) were 270 cells mL Ϫ1 for C. brodyi, 4.76ϫ10 2 cells mL Ϫ1 for L. masanensis, and 3.54ϫ10 2 cells mL Ϫ1 for P. shumwayae. The growth rates of C. brodyi increased with increases in temperature within the range of 15 to 30°C (Fig. 2) . The highest growth rate of C. brodyi was 0.61 d Ϫ1 under 2.00ϫ 10 4 cells mL Ϫ1 conditions at 25°C. The responses in the growth rates of L. masanensis and P. shumwayae as functions of temperature and prey densities were similar to those of C. brodyi (Fig. 2) . Above 15°C, all three PLD species grew well. At 5°C all three PLD species did not grow. At 10°C, mean growth rates were positive for all three PLD species when prey densities were 2.00ϫ10 4 cells mL Ϫ1 , whereas they did not grow under prey limited conditions (1.50ϫ10 3 prey cells mL
Ϫ1
). Two-way ANOVA showed there were significant differences in growth rate be- (Table 2 ). Prey density also affected the growth rates. For C. brodyi and P. shumwayae, interaction between temperature and prey density was detected. At a salinity range of 5 to 15, high growth rates of the three PLD species occurred at both 20 and 25°C (Fig. 3) . The three species did not adapt to zero-salinity conditions with the exception that P. shumwayae showed positive growth at 20 and 25°C. Growth rates of the three PLD species were higher under light than in dark conditions (Fig. 3) . Two-way ANOVA showed that differences in growth rate between light-and dark conditions were significant for all three species (Table 3) . Salinity also affected their growth rate significantly (Table 3) . However, the growth responses to salinity seemed to vary among the species; the population development of C. brodyi was achieved within a wide salinity range (10-25, Fig. 3 ), whereas L. masanensis showed such growth only in a narrow salinity range (10-15 for 20°C, 15-10 for 25°C, Fig.  3 ). Among the three species, P. shumwayae rapidly increased within the salinity range of 5 to 10, and the highest rate was 0.59 d
, observed at a combination of salinity 5 and temperature 25°C. 
Discussion
Pfiesteria piscicida and Pfiesteria-like dinoflagellates (PLDs) are capable of ingesting various types of organisms (Burkholder & Glasgow 1995 , Seaborn et al. 1999 , Feinstein et al. 2002 , Lin et al. 2004 , Jeong et al. 2006 . Due to this feeding ability, these PLD species probably play an important role in the planktonic food webs of estuarine and coastal ecosystems. In particular, the predator-prey relationship between PLD species and red-tide causing species is of interest. However, the prey selectivity of Cryptoperidiniopsis brodyi and P. shumwayae had not yet been investigated. The present study provides new information on the prey preferences of C. brodyi, Luciella masanensis, and P. shumwayae.
PLDs use a peduncle for capturing prey organisms, as reported above. Thus, the size of a prey cell does not determine its availability as food. In contrast, the surface structure might be important. Our results showed that thecate dinoflagellates are not available as for prey PLD species (Table 1) . A similar result was also reported by Jeong et al. (2006) ; P. piscicida is able to feed on unarmored phytoflagellates, including Heterosigma akashiwo, whereas they did not feed on thecate mixotrophic dinoflagellates, with the exception of Heterocapsa rotundata (Lohmann) Hansen. In Jeong et al. (2006), P. piscicida efficiently utilized the thecate dinoflagellate H. rotundata. However, it is well known that the theca of H. rotundata is thin. It is likely that the peduncle of PLDs in the present study was unable to pierce thick theca. Thus, the presence of theca, rather than the size of the organisms, may be a more important feature determing availability as food.
Nevertheless, L. masanensis and P. shumwayae were unable to utilize naked raphidophytes of Chattonella species as prey in the present study (Table 1) . Moreover, it has been demonstrated that P. piscicida and L. masanensis can utilize diatoms (Jeong et al. 2006 . Jeong et al. (2007) also reported that Stoekeria algicida could not utilize algal plankton other than H. akashiwo. These results show that presence, absence or thickness of theca is not the only factor determing food selectivity. Jeong et al. (2007) speculated that the enzymes for prey recognition and/or digestion may differ between PLDs. Therefore, factor(s) other than cell size and the presence of theca affecting the availability of planktonic organisms as food for PLDs should be investigated further. Although food selectivity has not yet been clarified, it is obvious that prey preferences differ between PLDs, and this probably enables their coexistence in the same body of water.
Growth rates of the three PLD species were saturated at Ͼ5.00ϫ10 3 cells mL Ϫ1 (Fig. 1) . This is similar to the results for P. piscicida (Jeong et al. 2006) . The growth rate of the dinoflagellate, Gymnodinium sp. was saturated at Ͻ2.00ϫ10 3 cells mL Ϫ1 when Rhodomonas salina (Wislouch) Hill et Wetherbee was used as prey (Jakobsen & Hansen 1997) . Jeong et al. (2005b) reported the feeding of red tide-causing dinoflagellates on an unidentified cryptophyte strain. The growth rates of these dinoflagellates were saturated above 3.00ϫ10 3 cells of cryptophyte per milliliter (Jeong et al. 2005b ). These results show that our results are within a similar range to those of previous studies.
The present study shows that the highest growth rates of C. brodyi, L. masanensis, and P. shumwayae were 0.61 d
Ϫ1
at 25°C, 0.54 d Ϫ1 at 20°C, and 0.72 d Ϫ1 at 20°C, respectively (Fig. 2) . Below 10°C, growth rates of the three PLD species were close to zero under prey saturated conditions (2.00ϫ10 4 cells mL
), and were negative under prey limited conditions (1.50ϫ10 3 cells mL
, Fig. 2) . Glasgow et al. (1998) demonstrated that P. piscicida has a maximum growth rate of 1.1 d Ϫ1 at high temperatures (around 25°C). Rublee et al. (2006) reported that environmental conditions during P. piscicida and P. shumwayae blooms were characterized by low turbulence, warm temperatures, and high nutrient and chlorophyll a concentrations. Similar to P. piscicida, the present three PLD species also prefer higher temperatures (15-30°C).
At 10°C, the mean growth rates for the three PLD species were negative when experiments were started at 1.50ϫ10 3 prey cells mL Ϫ1 (Fig. 2) . On the other hand, when experiments were carried out at higher initial prey densities, growth rates became positive, although the differences in growth rates between 1.50ϫ10 3 and 2.00ϫ10 4 cells mL
were not obvious (Fig. 2) . In addition, in the case of C. brodyi and L. masanensis, the growth rates were higher in the 2.00ϫ10 4 cells mL Ϫ1 treatment at 15°C (Fig. 2) . These results indicate the interactive effect of temperature and prey density on their growth rates. Prey abundance is probably critical for their survival under severe conditions. Blooming of P. piscicida and PLDs mostly occurs in estuaries, implying that the organisms have to achieve broad salinity tolerance to survive under such harsh environmental conditions. As Sullivan & Andersen (2001) demonstrated, a total of 62 PLD strains are able to grow over a wide range of salinity (0 to 35), and several strains swum at salinities exceeding 35-45. In the present study, growth responses of the three PLD species against salinity differed (Fig. 3 ) from those shown in Sullivan and Andersen (2001) . The three species tested in the present study showed different salinity tolerances, although higher growth rates were observed at a salinity of 5 to 15 in all species (Fig. 3) . These results indicate that acceptable salinity ranges differ among PLD species; however, optimal salinity ranges are similar.
The present study demonstrated that light has a positive effect on the growth rates of C. brodyi, L. masanensis, and P. shumwayae (Fig. 3, Table 3 ). There are two possible explanations for this result. One is the nutrition of prey organisms. All prey organisms tested in the present study were phototrophic. Thus, the nutritive condition of prey organisms possibly affected the growth of PLDs, especially in the latter part of the experimental period (4 days), although we do not have any data supporting this hypothesis. The other is mixotrophy of PLDs. Eriksen et al. (2002) demonstrated the mixotrophy of Cryptoperidiniopsis sp. by kleptoplastidy. Unfortunately, the present study does not show any additional evidence to support their mixotrophy, however, it is possible that these three PLD species possess mixotrophy. This should be examined in the future.
In conclusion, the present study demonstrated that PLD species are eurythermal and prefer low salinity (5-15). PLD species can utilize HAB species other than thecate dinoflagellates. Recently, Pfiesteria and PLD species have been detected in coastal waters worldwide, even in low abundances. Therefore, blooms of PLDs possibly occur after blooms of naked phytoplankters outside of the winter season in temperate estuaries. These small dinoflagellates should be carefully monitored in such situations.
